This study examined possibilities to enhance phosphorus (P) retention in wetlands using 14 different materials that could enhance removal of phosphate P (PO4-P) from runoff waters 15 with fairly low P concentrations (Ptot average 80-90 μg L -1 and PO4-P 25-30 μg L -1 ) typical 16 for peat extraction runoff. The retention potential of sorption materials, that had 17 previously shown good retention capacity was first studied in laboratory batch tests using 18 steel slag (basic oxygen furnace slag (BOF)), Filtralite successfully retained PO4-P. The reasons may be e.g. for steel slag, too low pH, too large 28 grain size, and too short retention time. Also, for some set-up, the given instruction were 29 not followed during construction works. Further studies are needed to test different 30 particle sizes and new potential materials for retaining P in treatment wetlands with high 31 hydraulic loading rate, low P concentration and low pH. 32 33
Introduction 37
Treatment wetlands (TWs) are globally used for wastewater purification purposes, and 38 their ability to retain suspended solids (SS) is usually high (70-90%), but the ability to 39 retain phosphorus (P) is lower (30-60%) (Vymazal, 2010) . In Finland, TWs have mainly 40 been constructed on intact peatlands, where they can retain on average 40-55% of 41 phosphorus (P) from peat extraction runoff (Heikkinen et al., 2002; Kløve et al., 2012) . 42
In addition, TWs are used for polishing municipal wastewater, and TWs constructed on 43 pristine peatlands show P retention of 12-83% when the hydraulic load range from of 21-44 44 mm d -1 (Ronkanen and Kløve, 2009 ). According to the recent Finnish national peatland 45 use strategy, peat extraction areas should be established on previously drained peatlands 46 with little ecological value. Thus treatment wetlands are also often constructed on drained 47 such as slags have been frequently tested, because they are widely available and cheap 73 materials. However, based on Klimeski et al. (2012) review, P sorption tests are usually 74 conducted using water with a high P concentration, whereas the average P concentrations 75 in peat extraction runoff are 80-90 μg Ptot L -1 and 25-30 μg PO4-P L -1 (Postila et al., 2014 ; 76 Tuukkanen et al., 2012) . 77 78 Addition of Fe, Al and Ca can increase PO4-P retention due to their sorption capacity 79 (Richardson, 1985; Seo et al., 2005) . However, Fe and Al sorb P in acidic conditions, 80
whereas Ca sorbs P under near-neutral conditions (Reddy and DeLaune, 2008) . The aim 81 of this study was to determine whether addition of sorption materials can enhance PO4-P 82 retention in TWs constructed for purification of peat extraction runoff. Batch and column 83 tests were first carried out in the laboratory and then promising candidate materials were 84 tested in situ in a TW. Our starting hypothesis was that sorption materials can retain P in 85 laboratory and field conditions. 86 87
Material and methods 88

Laboratory tests 89
Different sorption materials for retaining PO4-P were first studied in the laboratory in 90 batch (year 2010) and column (year 2011) tests. The materials studied in batch tests were 91 selected based on a literature review considering material cost-effectiveness, retention 92 efficiency, particle size, availability and costs. Locally available materials and by 93 products were carefully considered to avoid e,g. high transport costs and steel slag (basic 94 oxygen furnace slag (BOF) including mainly calcium oxide (CaO), Fe and silicon dioxide 95 (SiO2)) from Raahe Rautaruukki Oyj (nowadays SSAB) was chosen. Filtralite ® P (a clay 96 material with high Ca and Mg content), CFH 12 (ferrihydroxide), limestone (mainly 97 CaCO3), Phoslock ® (95% bentonite clay material + 5% lanthanum), and iron gypsum 98 from Kemira Oyj was also selected as promising materials. In these batch tests, runoff 99 from a peat extraction area (8 µg PO4-P L -1 ) and pore water from the peat or mineral layer 100 of TWs (40 and 250 µg PO4-P L -1 ) were used. The pH in these waters varied from 5.6 to 101 6.4, with the highest values occurring in runoff water. The batch test on each material was 102 performed with 100 g of sorption material and 200 mL of water in four parallel samples 103 (replicates), because ratio represent more realistically the field conditions. We followed 104 the protocol described by Heikkinen et al. (1995) : the mixture of sorption material and 105 water was first shaken mechanically for one hour (shaker speed was selected between 106 300-400 min -1 in order to have all the tested mass be in circulation in the bottle), followed 107 by a 23-hour standing time. After this, the samples were shaken for 10 minutes and 108 centrifuged for 15 minutes at 4000 revolutions per minute. Finally, the samples were 109 filtered through a Whatman® GF/C filter (pore size 1.2 µm) and a Gelman filter (pore 110 size 0.45 µm). The samples were analysed for e.g. PO4-P, pH, Al, Fe, Ca, Mg and sulphur 111 (S) in an accredited laboratory. 112
Column tests were run with steel slag (grain size 3-10 mm and 10-20 mm, which were 113 used in earlier studies also), CFH 12 and Sachtofer PR (iron gypsum material from 114
Sachtleben Pigments Oy) with peat extraction runoff water with an above-normal PO4-P 115
). In the tests, two different-sized columns were used, so 116 that the diameter was at least 5 time higher than particle size (CEN ISO/TS 17892-11:fi), 117 but the needed water amount was minimized during test. In this way the difficulties in 118 collecting water and storing it were minimized. Columns with inner diameter 10.4 cm and 119 height 20.8 cm were used for steel slag with grain size 10-20 mm and Sachtofer PR, dueto their larger particle sizes, while columns with inner diameter 5.2 cm and height 31 cm 121 were used for steel slag with grain size 3-10 mm and for CFH 12. The height of these 122 sorption materials in the columns was about 15 cm. A filter paper (Whatman 114) was 123 installed in smaller columns and a filter mesh (pore size 0.5 mm) in larger columns to 124 prevent sorption material from ending up in the outlet pipe. In smaller columns, a quartz 125 sand layer (grain size 3-5 mm) was also added below (thickness 3 cm) and above (1.5 126 cm) the sorption material to ensure uniform water flow. Because the grain size of quartz 127 sand was <10-20 mm, this material was not used in larger columns. One column per 128 sorption material was used and the water was fed continuously by pump from the bottom 129 of these columns from 1 m 3 containers that were continuously mixed by a small pump. 130
The target outflow for small columns was 2 mL min -1 and for large columns 8 mL min -1 . 131
Thus the mean water residence time was calculated to be approximately similar (one hour) 132 in all columns. This residence time was used as it was possible to achieve also in field 133 conditions where the water discharge is high. However, the actual mean residence time in 134 columns varied from 1 hour to 1.5 hours and the flow velocity varied from 1.6 to 1.9 mL 135 min -1 in the small columns and from 5 to 8 mL min -1 in the bigger columns. When the flow 136 velocity was noticed to be clearly under the target outflow (2 or 8 mL min -1 ), the pumping 137 speed was increased. These experiments were done in hydraulically saturated conditions 138 and run for almost three months (83 days). 139
140
The hydraulic conductivity (K) during the column testes was checked regularly to 141 determine clogging effects. First the K was first determined using empty columns where 142 was only filter mesh (large column) or filter paper and a quartz sand layer (small column). 143
The aim of that was to check how the column system restricted water flow (affectedhydraulic conductivity). After that, the hydraulic conductivity was determined for the filled 145 columns first one day after the beginning of the test, then approximately every week for 146 two first months, and finally at the end of the test. The hydraulic conductivity (K- approximately every week for two first months, and finally at the end of the test, inflow and 156 outflow samples were also taken and analysed for PO4-P, total P, pH, Ca, Al, Fe, S, Mg, 157 manganese (Mn), potassium (K), sodium (Na), barium (Ba), strontium (Sr), titanium (Ti) 158 and zinc (Zn) in an accredited laboratory. At the beginning of the test, samples were taken 159 from the water containers supplying inflow water for analyses of total nitrogen (N) (2300 160
) and pH (6.5). 162 163
In situ tests 164
Steel slag and Phoslock ® were also tested in situ in Äijönneva TW (64°5'13"N 25°4'56"E) 165 in northern Finland. Steel slag was selected because it is a cheap by-product, available 166 near the study site, can retain PO4-P based on laboratory tests and does not leach sulphur. 167
Steel slag filters were constructed in the collection ditch as oxic drains to enhance Pretention. Slag was also placed in small heaps in front of perforated pipe holes, by request 169 of the peat extraction company who wanted to test this alternative. Phoslock ® was selected 170 because it is known to retain PO4-P well and has previously been used in lake restoration 171 projects. In lake restoration it is spread on the bottom of lake, where it binds PO4-P from 172 the water column and the P released from the sediment. Phoslock ® was spread on top of 173 the wet and partially water covered peat surface. 174
175
The Äijönneva area was drained some decades ago and is now covered with a dense tree 176 stand. The runoff water from the peat extraction area (surface area 103 ha) is pumped 177 through perforated pipes to the TW from June 2009 onwards. The wetland area (5.8 ha) 178 consists of two parts (southern and northern) separated by a main ditch called 179 Äijönkanava (Fig. 1) . The average PO4-P inflow concentrations were 20 µgL -1 , 50 µgL collector ditch in the northern part of the wetland (Fig. 1) . These oxic drains were 6-7 m 201 long and filled with 140 t steel slag with the grain size varying from 10 to 80 mm. The 202 grain size of steel slag used in oxic drains was larger than used in the laboratory test 203 (varying from 10 to 20 mm) as it was not possible to obtain large amounts of the finer-204 grained steel slag used in the laboratory trial. Also ten tonnes of steel slag with grain size 205 7-15 mm were spread as small heaps in front of one perforated pipe outlet holes in the 206 northern part of the wetland because it was the other grain size, which was possible to get 207 field-scale amounts, and not so big than 10-80 mm. In addition, one tonne of Phoslock Water quality was monitored in ditches below each test area and water flow outlets from 211 the control area (Fig. 1) . The southern part of the wetland was then used as a control area, 212 because the water quality was quite similar to that in the northern part in autumn 2010. In 213 autumn 2011, water from all study points was analysed bi-weekly for pH, PO4-P, total P 214 and dissolved total P in an accredited laboratory (Fig. 1) . Wetland outflow water was 215 analysed once per month for Fe, Al, Mn, vanadium (V), cadmium (Cd), chromium (Cr), 216 copper (Cu), lead (Pb) and nickel (Ni), in order to monitor possible metal leaching from 217 the steel slag material. The water residence time in steel slag oxic drains was determined 218 using sodium chloride (8 kg NaCl in 150 L water) as tracer and measuring the changes in 219 electric conductivity in water. 220 221
Results and discussion 222
Batch tests 223
Based on the batch test results, all sorption materials studied can retain PO4-P at rates 224 varying from 70% to 100% for the 24 h contact time used (Table 1 ). The purification 225 efficiency was lowest (70-93%) for limestone, while for the other materials it ranged from 226 88% up to 100%. During the batch test, the water became alkaline when steel slag or 227 
Column tests 237
In the column tests, PO4-P purification efficiency varied as a function of time (Fig. 2) . As 238 expected based e.g. on Johansson (1999) and Xu et al. (2006) , higher retention capacity 239 was observed for small particle-sized sorption materials (steel slag 3-10 mm and CFH 240 12). In addition, the Sachtofer PR iron gypsum material retained PO4-P quite well except 241 at the end of the test, when PO4-P purification efficiency was 0% and also Al, Fe, Mn, Zn 242 and Ti were leached. Typically, some decrease in the purification efficiency was observed 243 with time, caused by the cumulative P input and saturation, which can be expected (e.g. water pH between columns was greatest in the beginning of the test (Fig. 3) water from the Sachtofer PR column was elevated during the whole test period. In the 251
columns of the other materials tested it was also elevated, but only in the beginning of the 252 tests. Total P, Al, Fe, Mn, Zn, Na, Ba, Sr, Mg, K and Ti concentrations in column outflow 253 were typically under or at the inflow level except for some individual samples, but Mn, 254
Sr and Mg concentrations in outflow from Sachtofer PR were generally elevated. 255
256
Hydraulic conductivity in the small particle size materials tested was lower than in the 257 larger particle size materials (Fig. 4) , as previously observed by Penn et al. (2012) . The 258 small particle size materials can also become clogged easily (Vohla et al., 2011) . The 259 hydraulic conductivity of CFH was low during the test period. However, in the steel slag 
In situ tests in a treatment wetland 279
Based on water samples from the TW, the constructed sorption systems did not retain 280 detectable amounts of PO4-P (Fig. 5) , total P or dissolved total P. In the ditch below the 281 Phoslock ® area, the PO4-P concentrations were sometimes smaller than in the other areas. The residence time of water was only 10-20 minutes in steel slag oxic drains. This is 293 probably too short for efficient PO4-P retention. The low P reduction efficiency may also 294 have been partly caused by large particle size (10-80 mm), as higher reactive surface area 295 (i.e. smaller particle size) has been observed to enhance P retention (Johansson, 1999; Xu 296 et al., 2006) . The pH at different measurement points (Fig. 1 ) was mainly at least slightly 297 acidic, except two samples for point 3 (8.9.2011 (pH 7.5) and 17.10.2011 (pH 7.1)) and 298 point 5 samples, in which pH varied from 6.8 to 7.2 (21.9.-16.11.2011). On 8.9.2011, the 299 outflow pH was also 7.0. The formation of Ca-phosphate precipitates is efficient in 300 alkaline conditions (Johansson and Gustafsson 2000) . Thus Ca-rich steel slag was not a 301 suitable material for P retention in the acidic conditions which occur in Äijönneva TW. 302 Klimeski et al. (2012) also noted that Ca-rich sorption materials can retain P well in the 303 laboratory, but perhaps not in the field. When dissolved Ca 2+ contact with atmospheric 304 CO2 this can also lead formation of CaCO3 precipitates (Drizo et al., 2002) . 305
306
The small heaps of steel slag in the front of the perforated pipe holes may not have worked 307
for the same reason as the steel slag oxic drains. However, if these heaps are able to retain 308 some PO4-P from inflow, it is possible that more PO4-P is leached from the wetland peat 309 before the water flows to the wetland ditch. The Phoslock ® material contains mostly clay, 310 which can harden during a dry period following a wet (rainy) period. Therefore it should 311 be spread as evenly as possible on the wetland surface. However, here it ended up being 312 applied in small heaps near one of the perforated pipes, the given instruction were not 313 fully understood and followed during construction works. Thus the Phoslock® formed 314 much less reactive surface area for P retention than could have provided if it were spread 315 evenly, as initially planned. As a result, this probably reduced the PO4-P purification 316 potential of this material. 317 318 4 Conclusions 319
